Models with 3-branes in extra dimensions typically imply the existence of a radion, φ, that can mix with the Higgs, h, thereby modifying the Higgs properties and the prospects for its detectability at the LHC. The presence of the φ will extend the scope of the LHC searches. Detection of both the φ and the h might be possible. In this paper, we study the complementarity of the observation of gg → h, with h → γγ or h → Z 0 Z 0 * → 4 ℓ, and gg → φ → Z 0 Z 0( * ) → 4 ℓ at the LHC in the context of the Randall-Sundrum model. The potential for determining the nature of the detected scalar(s) at the LHC and at an e + e − linear collider is discussed, both separately and in combination.
Introduction
By the end of this decade we expect that the quest for the Higgs boson, responsible for electro-weak symmetry breaking and mass generation, will be successfully completed, thanks to the data provided by the LHC hadron collider. A significant effort has been put into the design and optimization of the Atlas and Cms detectors to match the characteristics of the expected Higgs signals. However fundamental, discovery of one or more Higgs-like particles might leave unanswered the question of the hierarchy between the electroweak scale, defined by the Higgs vacuum expectation value v =246 GeV, and the Planck scale. In an attempt to solve this problem, without necessarily relying on supersymmetry, theories with extra dimensions have been proposed. These theories have become the focus of a fascinating program of planned investigations.
One particularly attractive extra-dimensional model is that proposed by Randall and Sundrum (RS) [1] , in which there are two 3+1 dimensional branes separated in a 5th dimension. A central prediction of this theory is the existence of the radion, a graviscalar which corresponds to fluctuations in the size of the extra dimension. Detection and study of the radion will be central to the experimental probe of the RS and related scenarios with extra dimensions. There is already an extensive literature on the phenomenology of the radion, both in the absence of Higgs-radion mixing [2] [3] [4] [5] [6] and in the presence of such a mixing [7] [8] [9] [10] [11] [12] [13] .
In this paper we discuss the complementarity of the search for the Higgs boson and the radion at the LHC. As the Higgs-radion mixing may suppress the main discovery process gg → H → γγ for a light Higgs boson, we study the extent to which the appearance of a gg → φ → Z 0 Z 0( * ) → 4 ℓ signal ensures that LHC experiments will observe at least one of the two scalars over the full parameter phase space. The additional information, which could be extracted from a TeV-class e + e − linear collider (LC), is also considered.
Curvature-Scalar mixing and Radion Phenomenology
In the simplest version of the 5-dimensional RS model, all the SM particles and forces, with the exception of gravity, are confined to one of the 4-dimensional boundaries. Gravity lives on this visible brane, on the second hidden brane and in the 5-dimensional compactified bulk. All mass scales in the 5-dimensional theory are of the order of the Planck mass. By placing the SM fields on the visible brane, all the terms of order of the Planck mass are rescaled by an exponential suppression factor Ω 0 ≡ e −m 0 b 0 /2 , which is called the warp factor. This reduces the mass scales on the visible brane down to the weak scale O(1 TeV) without any severe fine tuning. A ratio of 1 TeV/M P l (where M P l is the reduced Planck mass, M P l ∼ 2.4 × 10 18 GeV) corresponds to m 0 b 0 /2 ∼ 35.
In the RS model, a mixing between the radion field and the Higgs field H is induced by the following action [14] :
where R(g vis ) is the Ricci scalar for the metric induced on the visible brane, g
and ξ a dimensionless parameter. After rescaling H 0 = Ω 0 H, and making the usual shifts
, with v = 246 GeV] the following kinetic energy terms are found:
where m h 0 and m φ 0 are the Higgs and radion masses before mixing, and γ ≡ v/Λ φ . The states that diagonalize the kinetic energy and have canonical normalization are h and φ with:
Here, the mixing angle θ is given by
and
The couplings of the h and φ to ZZ, W W and f f are given relative to those of the SM Higgs boson, denoted by H, by:
Couplings of the h and φ to γγ and gg receive contributions not only from the usual loop diagrams but also from trace-anomaly couplings of the φ 0 to γγ and gg. Thus, these couplings are not simply directly proportional to those of the SM H. Of course, in the limit of ξ = 0, the h has the same properties as the SM Higgs boson. In the end, when ξ = 0 the four primary independent parameters are: ξ, Λ φ and the mass eigenvalues m h and m φ . These completely determine a, b, c, d and, hence, all the couplings of the h and φ to W + W − , Z 0 Z 0 and f f -see Eq. (7). One further parameter is required to completely fix the h and φ decay phenomenology in the RS model: m 1 , the mass of the first KK graviton excitation, given by
where m 0 is the curvature parameter and x 1 is the first zero of the Bessel function J 1 (x 1 ∼ 3.8). Current bounds, derived from Tevatron Run I data and precision electroweak constraints have been examined in Ref. [5] . Lower bounds on the radion mass, from Higgs searches at LEP, are weak.
In particular, the φZ 0 Z 0 coupling given in Eq. (7) remains small relative to the SM HZ 0 Z 0 coupling for low radion masses [13] .
Higgs and Radion Searches at LHC
The search for the Higgs boson represents one of the most crucial goals for the LHC physics program. If the SM H is light, as present precision electroweak data suggest, the single most promising LHC discovery channel is gg → H → γγ. Rather detailed studies of the significance of a Higgs signal using inclusive production have been carried out for the Atlas [15] and Cms [16] experiments. Results are summarized in Figure 1 . The H → γγ channel appears to be instrumental for obtaining a ≥ 5σ signal at low luminosity, if 115 GeV < M H < 130 GeV. The ttH, H → bb and H → Z 0 Z 0 * → 4 ℓ channels also contribute, with lower statistics but a more favourable signal-to-background ratio. Preliminary results, also shown in Figure 1 , indicate that Higgs boson production in association with forward jets may also be considered as a discovery mode. However, here the background suppression strongly relies on the detailed detector response. Studies for dedicated searches of radions at the LHC have also been carried out. In particular, the study in ref. [11] has obtained discovery limits using both the φ → γγ and the
processes by re-interpreting the corresponding H decay channels. The more intriguing process φ → HH has also been considered, limited to the γγbb final state. A more subtle aspect of theories with warped extra dimensions is the effect of the Higgs-radion mixing [10, 12, 13] , which can modify the production and decay properties of the Higgs boson to weaken, or even invalidate, the expectations for Higgs observability obtained so far.
Complementarity and Distinguishability
In this section, we address two issues. The first is whether there is a complementarity between the Higgs observability, mostly through gg → h → γγ, and the gg → φ → Z 0 Z 0( * ) → 4 ℓ reaction, thus offering the LHC the discovery of at least one of the two particles over the full parameter space. The second, and related, issue concerns the strategies available to understand the nature of the discovered particle.
The effects of the mixing of the radion with the Higgs boson have been studied [13] by introducing the relevant terms in the HDecay program [17] , which computes the Higgs couplings, including higher order QCD corrections. Couplings and widths for the radion have also been implemented. We consider the range 50 GeV < M φ < 300 GeV, whose lower end is consistent with present bounds derived from LEP data. We will also focus on cases for which M h is not very large, as possibly most consistent with precision electroweak constraints.
Results have been obtained by comparing the product of production and decay rates to those expected for a light SM H. The LHC sensitivity has been extracted by rescaling the results for Higgs observability, obtained assuming SM couplings. We define the Higgs observability as > 5 σ excess over the SM background for the combination of the inclusive channels: gg → h → γγ; tth, h → bb and h → Z 0 Z 0( * ) → 4ℓ, as given in the left panel of Figure 1 . We study the results as a function of four parameters: the Higgs mass M h , the radion mass M φ , the scale Λ φ and the mixing parameter ξ.
Radion and Higgs Boson Search Complementarity
Due to the suppression, from radion mixing, of the loop-induced effective couplings of the h (relative to the SM H) to gluon and photon pairs, the key process gg → h → γγ may fail to provide a significant excess over the γγ background at the LHC. Other modes that depend on the gg fusion production process are suppressed too. For M φ > M h , this suppression is very substantial for large, negative values of ξ. This region of significant suppression becomes wider at large values of M φ and Λ φ . In contrast, for M φ < M h , the gg → h → γγ rate is generally only suppressed when ξ > 0. All this is shown, in a quantitative way, by the contours in Figures 2 and 3 . The outermost, hourglass shaped contours define the theoretically allowed region. Three main regions of non-detectability may appear. Two are located at large values of M φ and |ξ|. A third region appears at low M φ and positive ξ, where the above-noted gg → h → γγ suppression sets in. It becomes further expanded when 2M φ < M h and the decay channel h → φφ opens up, thus reducing the h → γγ branching ratio. As shown in Figure 3 , these regions shrink as M h increases, since additional channels, in particular gg → h → Z 0 Z 0 * → 4 ℓ, become available for Higgs discovery. Two observations are in order. The observability of φ production in the four lepton channel fills most of the gaps in (M h , ξ) parameter space in which h detection is not possible (mostly due to the suppression of the loop-induced gg → h → γγ process). The observation of at least one scalar is thus guaranteed over almost the full parameter phase space, with the exception of: (a) the region of large positive ξ with M φ < 140 GeV, where the φ → Z 0 Z 0 * decay is phase-space-suppressed; and (b) a narrow region at M φ ≃ 170 GeV due to the ramp-up of the φ → W + W − channel, where a luminosity of order 100 fb −1 is required to reach a ≥ 5 σ signal for φ → Z 0 Z 0 * . We should also note that the φ → Z 0 Z 0 decay is reduced for M φ > 2M h by the onset of the φ → hh decay, which can become the main decay mode. The resulting hh → bbbb topology, with di-jet mass constraints, may represent a viable signal for the LHC in its own right, but detailed studies will be needed. Figures 2 and 3 also exhibit regions of (M h , ξ) parameter space in which both the h and φ mass eigenstates will be detectable. In these regions, the LHC will observe two scalar bosons somewhat separated 
Determining the Nature of the Observed Scalar
The interplay between the emergence of the Higgs boson and of the radion graviscalar signals opens up the question of the identification of the nature of the newly observed particle(s).
After observing a new scalar at the LHC, some of its properties will be measured with sufficient accuracy to determine if they correspond to those expected for the SM H, i.e. for the minimal realization of the Higgs sector [18, 19] . In the presence of extra dimensions, further scenarios emerge. For the present discussion, we consider two scenarios. The first has a light Higgs boson, for which we take M h = 120 GeV, with couplings different from those predicted in the SM. The question here is if the anomaly is due to an extended Higgs sector, such as in Supersymmetry, or rather to the mixing with an undetected radion. The second scenario consists of an intermediate-mass scalar, with 180 GeV < M < 300 GeV, observed alone. An important issue would then be the question of whether the observed particle is the SM-like Higgs boson or a radion, with the Higgs particle left undetected. This scenario is quite likely at large negative ξ and large M φ -see Figures 2 and 3 .
In the first scenario, the issue is the interpretation of discrepancies in the measured Higgs couplings to gauge bosons and fermions. These effects increase with |ξ|, 1/Λ φ and M h /M φ . The LHC is expected to measure some ratios of these couplings [19] . In the case of the SM H, the ratio g HZZ /g HW W can be determined with a relative accuracy of 15% to 8% for 120 GeV < M H < 180 GeV, while the ratio g Hτ τ /g HW W and that of the effective coupling to photons, g ef f ective Hγγ /g HW W can be determined to 6% to 10% for 120 GeV < M h < 150 GeV. Now, the Higgs-radion mixing would induce the same shifts in the direct couplings g hW W , g hZZ and g hf f , all being given by d + γb times the corresponding H couplings -see Eq. (7). Although this factor depends on the Λ φ , M φ and ξ parameters, ratios of couplings would remain unperturbed and correspond to those expected in the SM. Since the LHC measures mostly ratios of couplings, the presence of Higgs-radion mixing could easily be missed. One window of sensitivity to the mixing would be offered by the combination g ef f ective hγγ /g hW W . But the mixing effects are expected to be limited to relative variation of ±5% w.r.t. the SM predictions. Hence, the LHC anticipated accuracy corresponds to deviations of one unit of σ, or less, except for a small region at Λ φ ≃ 1 TeV. Larger deviations are expected for the absolute rates [13] , especially for the gg → h → γγ channel which can be dramatically enhanced or suppressed relative to the gg → H → γγ prediction for larger ξ values due to the large changes in the gg → h coupling relative to the gg → H coupling. Of course, to detect these deviations it is necessary to control systematic uncertainties for the absolute γγ rate. All the above remarks would also apply to distinguishing between the light Higgs of supersymmetry, which would be SM-like assuming an approximate decoupling limit, and the h of the Higgs-radion scenario. In a non-decoupling two-doublet model, the light Higgs couplings to up-type and down-type fermions can be modified differently with respect to those of the SM H, and LHC measurements of coupling ratios would detect this difference. A TeV-class LC has the capability of extending the coupling measurements to all fermions separately with accuracies of order 1%-5% and achieves a determination of the total width to 4% -6% accuracy [20] . This is important for the scenario we propose since it would provide enough measurements and sufficient accuracy to detect Higgs-radion mixing for moderate to large ξ values [21] . This is shown in Figure 4 by the additional contours, which indicate the regions where the discrepancy with the SM predictions for the Higgs couplings to pairs of b quarks and W bosons exceeds 2.5 σ.
In particular, the combination of the direct observation of φ → Z 0 Z 0 * at the LHC and the precision measurements of the Higgs properties at a e + e − LC will extend our ability to distinguish between the Higgs-radion mixing scenario and the SM H scenario to a large portion of the regions where at the LHC only the h or only the φ is detected and determining that the observed boson is not the SM H is difficult. Further, close to the edges of the hourglass-shaped allowed region, the LC will also be able to detect φ production directly through the process e + e − → Z 0 φ. In particular, this process will guarantee the observability of the φ in the low M φ region, which is most difficult for the LHC.
If, at the LHC, an intermediate mass scalar is observed alone, its non-SM-like nature can, in some cases, be determined through measurement of its production yield and its couplings. In particular, in the region at large, negative ξ values where φ production is visible whereas h production is not, the yield of Z 0 Z 0 → 4 ℓ from φ decay can differ by a factor of 2 or more from that expected for a SM H (depending upon the value of M φ -see Figure 13 of Ref. [13] ). For M φ such that φ → hh decays are not allowed, the deviations arise from the substantial differences between the gg → φ coupling and the gg → H coupling. For M φ > 2M h this rate is also sensitive to the exclusive branching fraction. Figure 5 shows the ratio of the Z 0 Z 0( * ) decay branching fraction for the radion to that for the SM H. The figure shows that branching ratio differences are expected to be below 10% for radions with mass up to twice the Higgs mass. Such a small difference would not have a big impact compared to the possibly large deviations of gg → h/gg → H relative to unity. However, past the threshold for φ → hh decays, the Z 0 Z 0 branching fraction is significantly affected away from ξ ≃ 0.
The combination of a reduced Z 0 Z 0 → 4 ℓ rate and the possibility to observe φ → hh decays, ensures that the LHC could positively identify the existence of the radion in the region M φ > 2M h , ξ = 0.
To conclude, we should note that the Higgs-radion sector is not the only means for probing the Randall-Sundrum type of model. The scenarios considered here will also yield the distinctive signature of KK graviton excitation production at the LHC [5] . This easily observed signal will serve as a warning to look for a possibly mixed Higgs-radion sector.
Conclusion
Perspectives for light Higgs searches at the LHC have been reviewed for models with warped extra dimensions, which introduce the radion graviscalar. The mixing of the Higgs field with the radion field induces changes in the production and decay properties of the Higgs boson mass eigenstate. Such changes may weaken, or even invalidate, the expectations obtained in earlier studies for observability of the Higgs boson. However, for almost the entire region of the parameter phase space where the suppression of the Higgs signal yield causes the overall signal significance at the LHC to drop below 5 σ, the radion eigenstate φ can be observed in the gg → φ → Z 0 Z 0( * ) → 4 ℓ process instead. An e + e − linear collider would effectively complement the LHC both for the Higgs observability, including the most difficult region at low M φ and positive ξ values, and for the detection of the radion mixing effects, through the precision measurements of the Higgs particle couplings to various types of particle pairs.
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